Introduction
Exercise and work physiologists agree that the evaluation of maximum oxygen intake capacity is essential in the objective evaluation of an individual's capacity to perform aerobic work. This index is related to cardiovascular-respiratory capacity and for years has been accepted as a criterion for the assessment of physical fitness, ie. cardiovascular fitness. However, even with the great amount of research done in the area of applied physiology, the research is still typically experimental in nature and results are often contradictory. This is partially due to the relatively small number of subjects tested, and the differences and difficulties in experimental technique. Nevertheless, it is agreed that a substantial relationship between endurance capacity and maximum oxygen uptake exists which is independent of the form in which the maximum oxygen uptake is reported. In most investigations, subjects have been highly trained endurance male athletes, and maximum oxygen uptake has been correlated with other anthropometric and cardio-respiratory parameters including body weight, cardiac output, haemoglobin content, heart rate and pulmonary ventilation etc.
The present study was designed to obtain values for maximum oxygen consumption in both male and female trained athletes during strenuous exercise on the bicycle ergometer, and to determine any existing relationships between maximum oxygen consumption and pulmonary ventilation, heart rate and work capacity.
Material
The nine male subjects included six English, two Welsh, and one Kenyan, all of whom were in training for either national or international competition.
The eight female subjects included seven English and one Welsh athletes. Three of the subjects were in training for international athletics competitions, one was in training for international field hockey competition and the other four were advanced physical education students in good physical condition.
The current study had several limitations. Firstly, the sample was very small, and very selective. Secondly, due to a lack of medical training by the experimenters, blood samples could not be drawn from subjects to measure blood lactate levels. Therefore, the only criteria used to determine if maximum oxygen consumption had been attained was the plateauing off of consumption and failure for that value to be increased with further increased work load. For similar reasons, cardiac output was not measured, so that the only index of cardiovascular function was heart rate.
Method
Each subject was tested individually using an open circuit technique and a Muller bicycle ergometer. When the subject reported to the laboratory he was first familiarized with the experimental procedures. Dracard disposable electrodes were then attached to the subject on three body loci to monitor the heart beat:
(1) top of sternum (2) 6th rib, mid-clavicular line (3) 8th rib, mid-axillary line These electrodes were then plugged into a multi channel pen recorder.
The subject was then familiarized with the bicycle and pacemaker control. The height of the saddle was adjusted to each individual for comfort and so that there was a slight bending of the knee when the front part of the foot was placed on the pedal in its lowest position. With the subject seated on the bicycle, a British Oxygen Company anatomically malleable rubber face mask was fitted to his facial contours covering the mouth and nose, thus allowing normal breathing. The facemask was held in place using a Connell head harness. To this was attached a modified Otis-McKerrow low resistance translucent breathing valve. This three way high velocity valve permitted unrestricted inspiration and exhalation. The weight of the valve was supported by a steel spring suspended from an independent support structure.
The subject was then given a 5 minute warm up on the bicycle to familiarize him to the pedal rate (maintained at 90 revolutions per minute for the males, 75 (5) found that combined arm and leg work in the sitting or supine position reveals the same values for maximum oxygen uptake, heart rate and stroke volumes as work in the sitting position with only the leg muscles. This does not however take into account claims that running on a treadmill, as opposed to riding a bicycle ergometer, will produce a higher maximum oxygen uptake. Hermansen, and Saltin (1969) (21) in comparing the bicycle at 50 rpm to a treadmill running uphill at 30 found that the running produced 0.281 1/min, (7%) higher oxygen uptake, although no significant difference in maximum values for work capacity, pulmonary ventilation and heart rate were reported. This is probably due to the slightly larger total muscle mass involved in running.
Testing standards and techniques are wide and varied depending upon the researcher and available equipment. Because a bicycle ergometer was used in this study, the technique used was similar to that described by Astrand (1952) (2) and Watson (1970) (36) The heart rates in both male and female subjects indicated the expected linearity with increased work loads up to maximum and then levelled off so that no increase in work contracted a higher heart rate. In all but two of the trained males and three of the lesser trained females, maximum heart rate was achieved prior to maximum oxygen consumption. figure 1) .
The females showed a similar relationship with the mean fH increasing up to V02 = 2.24 1/min., (r = .86), and plateauing off to 181. beats/min. (See figure II) . Tables 3 and 4 showed that:
In all instances, for a given V02 level or work load, females had a higher fH than the male athletes. At every work load, the male athlete elicited a higher oxygen consumption than the female athlete. .V xi variation in maximum oxygen uptake which was crucial for the ability to perform prolonged muscular work, Herbst (1928) (19) Astrand (1959) (1) used two criteria to evaluate whether or not the subject's maximum level for oxygen uptake had been attained. These were:
(1) that blood lactate concentration is high: 90-100 mg/100 ml after work of at least 4 minutes duration; (2)that oxygen uptake does not increase despite a rising work load, but reaches a level.
A great deal of study has also been done to predict maximum aerobic capacity from submaximal loads. Astrand et al (1954) (3). Because Astrand found a straight line relationship between heart rate and oxygen consumption through submaximal work loads, he suggested that an individual's maximum oxygen uptake, or capacity to do work could be predicted. His prediction is based on registration of heart rate during steady state and then an extrapolation to a fixed heart ,rate or to an assumed maximum heart rate. Based on this, Astrand and Ryhming (1954) Cardiac output may be defined as a product of stroke volume and heart rate: C = SV x fH Astrand has suggested that stroke volume increases with work up until approximately 40%o maximum oxygen uptake, and then levels off. Therefore any further increase in cardiac output must be due entirely to heart rate. It has been found by Donald et al (1955) (15) that both heart rate and cardiac output show a linear relationship to work up to approximately 70% maximum oxygen uptake. But since both of these parameters level off, any further increase in the volume of oxygen consumption (V02) must be due to the (a-vO2) difference. Selkurt (1966) (34) supports this, stating that the reserve provided by an increase in the oxygen (a-v)02 difference can provide for a 2 to 3 times increase in oxygen utilization by active muscles.
In this present study the mean maximum oxygen uptake values for the male subjects, (4.18 1/min., 61.3 ml/min/kg.), was nearly identical to that found by Maksud (1970) (27) (1970) (27 The mean maximal heart rates (at maximum 1I0 ) for the present study's male and female athletes were ?ower than those values reported for olympic speed skaters, Maksud (1970) (27) , or top athletes, Hermansen (1969) (21) . Some of these differences may be Attributed to an individual male who reached maximum Vo2 long before he reached his maximum heart rate, and to an individual female who had a particularly low heart rate of 162 beats/min. at maximum Vo2. As was expected, these male olympic athletes had significantly lower, and thus more efficient heart rates than those of Magel's college swimmers, (1967) (26) .
. Present data supports critics of Astrand's maximum V02 predictions based on submaximal heart rates, Rowell et al (1 964) (33) . Maximum heart rates were reached prior to maximum oxygen uptake in 70% o f the subjects tested by the authors. A high oxygen extraction of 5.0%o accounted for R. McA. achieving maximum oxygen consumption at two work loads prior to exhaustion, even though his pulmonary ventilation at the time was only 66 1/min. This indicated that although this individual has a high capacity for work, he is more efficient at the lower work load of 260 watts. If he was able to maintain this high FU02% to exhaustion, with his present capacity for pulmonary ventilation, (which continued to rise throughout the work period), he could theoretically by extrapolation, increase his maximum oxygen consumption to 4.21 1/min. at 340 watts.
The relationship of heart rate to V'0 is not as clearly indicated by the means of the female subjects. However, the three females who attained maximum V02 prior to reaching maximum heart rates were of the second, lesser trained group. It is possible that the ability to reach maximum heart rate first is a resultant of training, or that these subjects (physical education students) did not push themselves quite as far as the competitive athletes. However, the very high heart rates recorded with these subjects at exhaustion indicated that they did elicit maximum effort. Obviously, their physiological capacity was inferior in comparison to the better trained athletes.
In both groups of subjects, the mean maximum ventilations are relatively low in comparison with related literature: 105 I/min., and 70 1/min. male and female respectively as compared to 127.6 1/min. and 96.5 1/min. by Maksud (1970) (27) It is difficult to determine with the present data exactly when these anaerobic mechanisms come into play, as blood lactate levels were not measured. Certainly however, it seems that maximum work capacity and maximum oxygen consumption are not merely aerobic work capacity, but include anaerobic stores. The relationship between V02 and VE (Figures 1 and 2 ) showed that at low levels of work pulmonary ventilation increased linearly to the increase in oxygen uptake, but out of linearity during heavy exercise. This curvilinear exercise induced hyperventilation was probably due to the occurrence of anaerobic products from the muscle metabolism, in the venous blood. The acidosis produced from these anaerobic products would cause a decrease in bicarbonate concentration, producing a respiratory compensation, in an attempt to eliminate the excess carbon dioxide produced. Excess carbon dioxide in the expired air due to the buffering of lactic acid, would also increase the gas exchange ratio, causing a ventilatory compensation to maintain blood pH at a normal level. The females in this investigation showed a more pronounced hyperventilation curve than the males, indicating that the range of anaerobic participation of energy release is reached at a lower work load, with females.
In summary, if maximum VO2 is to be considered the primary physiological variable which best defines efficiency or capacity of the cardiovascular or respiratory systems, much more time and study will have to be devoted to realizing its true and complete physiological meaning, and those factors which limit it.
Within the present study, the authors have merely measured maximum oxygen consumption for male and female athletes during strenuous exercise on the bicycle ergometer, and sought to establish some relationships between maximum Vo2, heart rate, pulmonary ventilation, the percentage of oxygen extraction and the capacity to do prolonged work.
The authors have reported relatively low pulmonary 62 ventilation values. These do not however, necessarily indicate an inability to ventilate the lungs. It may in fact, as Watson (1970) (36) suggested, represent a higher diffusion rate of oxygen from alveolar air to arterial blood,.i.e. greater efficiency, or be caused by limitations of the use of a facemask valve system. Although maximum oxygen consumption is dependent upon maximum ventilation, it is not limited by this parameter. The assessment of anaerobic energy release during work may be detected with the exercise induced hyperventilatory respiratory response, and the authors maintain that anaerobiosis at work, differs in males and females, and that stronger participation of anaerobiosis attributes to the lower aerobic capacities of the female athletes.
Whereas maximum VO2 values are achieved as a result of increased oxygen utilization by the active muscles, provided by an increase in the (a-v)02 difference, this parameter may also be the limiting factor. More specifically, it may be the tissue's ability to extract the oxygen from the blood. If the athletes could maintain the maximum percentage of extraction of oxygen, achieved approximately mid-way through the work period, through to exhaustion, much higher values for oxygen consumption would theoretically be achieved.
Once maximum Vo is achieved anaerobic mechanisms supplement aerobic capacity for a very limited amount of further work.
It seems evident that the great circulatory capacity for oxygen transport and diffusion that these subjects do possess, is a result of both natural endowment and intensive training. While it remains difficult to determine exactly how much each contributes, it is important for the athletics coach to realize the many varied physiological functions that must be considered in any training programme. Ideally, each athlete could be tested, and his individual needs defined, and a training programme set.
It would be interesting to correlate the data from investigations such as these to actual track or athletic performances in something more than subjective comparisons. Are the roles in which the various parameters interplay different for those athletes who depend more on anaerobic mechanisms rather than aerobic mechanisms, (sprinters vs. distance runners)? How much of a race is skill, strategy and motivation and how much actually physiologically dependent? How much of that physiological dependency is natural endowment and what is trainable? Interesting questions that need to be answered.
